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As one  o f  t he  mos t  we l l -known op t imiza t ion  a lgo r i thm,  Par t i c l e  Swarm 
Opt imiza t ion  (PSO)  a t t r ac t s  more  and  more  a t t en t ion  and  p resen t s  i t s  t a l en t ed  
po tent i a l  in  r ecen t  yea r s .  St rongl y na t u re - insp i red  b y the  swarm in t e l l i gen ce ,  
PSO,  p roposed  b y  Kenned y and  Eb erhar t  i n  1995  fo r  t he  f i r s t  t ime ,  i s  
conce ived  as  a  s imula t ion  o f  an i mal  f l ock ing ,  l e a rn ing  and  shar in g  
in fo rmat ion  when  a  group  o f  i n sec t s  o r  b i rds  seek  fo r  food  in  a  s ea rch  space .  
Owing to  t he  fea tu r e  o f  g roup  communica t ing  and  l ea rn in g  l i ke  an imal s ,  PSO 
i s  f i r s t  u sed  to  mach ine  l ea rn ing  f i e l d  in  t he  ea r l y s t age .  In  pace  wi th  the  
a lgo r i thm improv ing  and  the  super i o r  pe r fo rman ce  sp r inging  up ,  PSO i s  
popula r l y i n t roduced  to  so lve  complex  nonl inear  p rob lems ,  such  as  da t a  
min ing ,  b iomet r i c ,  c i r cu i t  s yn thes i s ,  economic  ana l ys i s ,  power  s ys t em 
op t imiza t ion  and  pos i t i oning  s ys t em ,  s t a r t ing  a f t e r  2000 .  Recen t l y,  i n  an  
a t t empt ing  to  emplo y PSO in  above  sys t em wi th  rea l - t ime  requ i remen t s ,  i t s  
ha rdware  implemen ta t ion  wi th  h igh  ca l cu la t ing  speed  and  h igh  s t ab i l i t y  based  
on  l a rge  sca l e  i n t egra t i on  ( LS I)  go es  t o  a  s ign i f i can t  su b jec t .  Espec ia l l y,  a s  
t he  PSO app l i ca t ion  on  adap t ive  s igna l  p rocess ing  and  mobi l e  s ys t em 
becomes  wor ldwide  a t t en t ion - focu sed ,  a  gene ra l  pu rpose  ha rdware  
a rch i t ec tu re  wh ich  can  dea l  wi th  complex  nonl inear  i s sue  i s  s incere l y  
ex pec ted .  
F i r s t ,  the  p rocess ing  speed  i s  ve r y impor t an t  fo r  r ea l - t ime  s ys t em.  
Fur the rmore ,  t he  s t ab i l i t y  i s  a l so  a  necessa r y pe r fo rm ance .  Ex is t i ng  PSO 
so f tware  i s  t oo  t ime -consuming and  canno t  p rov ide  the  rea l - t ime  p rocess ing  
speed .  To  mee t  t h i s  cha l l enge ,  an  a t t r ac t ive  sub jec t  i s  t o  implemen t  PSO in  
ha rdware .  Thus ,  a  n ove l  ha rdware  implemen ta t ion  o f  PSO wi th  h igh  speed  an d  
s t ab i l i t y i s  s incere l y des i red .  
Second ,  t he  conven t iona l  2 -d imens ion  PSO canno t  s a t i s f y r ea l - t ime 
app l i ca t ion  fo r  complex  nonl inear  co n t ro l .  Thus ,  a  ha rdware  implemen ta t ion  
o f  mul t i -d imens ion  PSO i s  u rgen t l y n eeded  to  con t ro l  t he  mul t i -pa ramete r  o f  
complex  app l i ca t ion .  A gener a l  pu rpose  ha rdw are  a rch i t ec tu re  o f  
mul t i -d imens ion  PSO i s  ex pec ted  in  t h i s  subjec t  a s  a  f undamenta l  ha rdwar e  
p l a t fo rm .  I t  c an  c r ea t e  a  n ew so lu t ion  fo r  complex  non l inear  con t ro l  wi th  
rea l - t ime  requ i remen ts .  
Th i rd ,  a s  a  c l as s i c  subjec t  o f  complex  nonl inear  con t ro l ,  adap t ive  f i l t e r  has  
f l ex ib l y chan geab le  coeff i c i en t s  to  be  regu la t ed .  Conven t iona l  a lgo r i thms o f  
adap t i ve  f i l t e r  a re  d i ff i cu l t  to  be  r ea l iz ed  in  ha rdwar e  w i th  a  h i gh  adap t ive  
speed .  There fo re ,  t he  p roposed  hardware  o f  mul t i -d imens ion  PSO are  app l i ed  
fo r  adap t ive  f i l t e r  a s  a  pa r t i cu l a r  app l i ca t ion  and  p ioneer  des ign .  
Chapte r  1  [ In t rodu c t ion]  Th i s  chap te r  b r i e f l y  i n t roduces  the  concep t  and  
the  background  o f  t he  PSO.  The  cu r r en t  r esea rch  s t a tus  and  deve lopment  o f  
PSO are  p resen ted  as  an  ou t s t anding  evo lu t ionar y a l go r i thm.  However,  t he r e  
s t i l l  a re  some cha l l enges  fo r  PSO deve lopment .  Then ,  t he  ob jec t ive  and  scop e  
o f  t h i s  r esea r ch  a re  i nd ica t ed  in  t h i s  chap te r.  Three  sub jec t s  a re  p roposed  fo r  
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fac ing  the  ch a l l enges .   
Chapte r  2  [ A Hard ware  Arch i t ec tu re  o f  Par t i c l e  Swarm Opt imiza t ion  fo r  
Rea l - t ime  Con t ro l ]  PSO wi th  rand om t ime -var yin g  ine r t i a  we igh t  and  
acce l e r a t ion  coeff i c i en t s  ( PSO-RTV IWAC )  p roposed  in  2009  has  be t t e r  
convergence  and  h igher  a ccurac y than  the  conven t iona l  PSO a lgor i thms .  In  
t h i s  chap te r,  a s  t he  f i r s t  sub jec t ,  a  nove l  ha rdw are  implemen ta t ion  o f  
PSO-RTV IWAC i s  deve loped  to  ra i se  t he  p rocess ing  speed  fo r  r ea l - t ime 
pos i t i on ing  s ys t em .  The  p roposed  a rch i t ec tu re  i ncorpora t es  two  fea tu res  t o  
improve  the  p rocess ing  sp eed  and  the  ca l cu la t ion  s t ab i l i t y  wi th  an  accep tab l e  
ch ip  a rea  cos t .  One  fea tu re  i s  a  p ipe l ine  approach  to  rea l i z e  pa ra l l e l  
computa t ion .  The  o th er  i s  a  s ynch ronous  modu le  con t ro l .  B y implemen t ing  
the  LS I o f  p roposed  p ipe l ine  a rch i t ec tu re  on  a  f i e ld  p rogrammable  ga t e  a r r ay  
(FPGA) ,  t he  ca l cu la t ion  speed  fo r  one  par t i c l e  (76 .9ns )  ou tper fo rm s  the  se r i a l  
ha rdware  implemen ta t ion  p roposed  in  p rev ious  wor k  b y 1 7  percen t .  The  ch ip  
cos t  o f  t he  ha rdware  i s  about  47 ,664  ga t es .  The  s ys t em e r ro r  o f  p rev io us  
ha rdware  i s  comple t e l y e l imina ted .  The  p roposed  a rch i t ec tu re  ach ieved  no t  
on l y h i gh  p rocess ing  speed  bu t  a l so  h igh  s t ab i l i t y.  Th is  nove l  sub jec t  
p rov ides  a  h igh  pe r fo rmance  PSO hardware  fo r  r ea l - t ime  s ys t em.  
Chapte r  3  [ A Ha rdware  Implemen t a t ion  o f  Mul t i -d imens ion  PSO fo r  
Complex  Non l inear  Con t ro l ]  In  o r der  t o  mee t  t he  complex  non l inear  
app l i ca t ion  hav ing  mul t i -pa ramete r s  t o  be  con t ro l l ed ,  t h i s  chap te r  fu r the r  
p roposes  a  bas i c  a rch i t ec tu re  des ign  fo r  es t ab l i sh ing  a  genera l  pu rpose  
ha rdware  o f  mul t i -d imens ion  PSO as  a  fundamenta l  p l a t fo rm and  implemen t s  
t he  p roposed  hardware  in  FPGA.  Based  on  the  a rch i t ec tu re  p roposed  in  
Chapte r  2 ,  t he  PSO  hardwar e  fo r  each  d imen s ion  i s  pa ra l l e l ed  to  rea l i z e  t he  
mul t i -d imens ion  ca l cu la t ion .  One  fea tu re  o f  t h i s  approach  i s  t o  p rovide  the  
coeff i c i en t s  fo r  mul t i -d imens ion  ca l cu la t ion  b y bu i ld ing  memor ies  and  
rec yc l ing  the  p res to red  va lues .  The  o ther  f ea tu re  o f  t h i s  mul t i -d imens ion  PS O 
hardware  i s  t o  em plo y the  p roposed  p ipe l ine  t echno log y in  t he  se l ec t ive  
modu le .  The  p roposed  hardware  a r ch i t ec tu re  ach iev es  f l ex ib l e  sca l ab i l i t y  
wh ich  can  make  i t  poss ib l e  t o  r ea l i z e  the  d imens ion  ex tend ing .  An 
8 -d imens ion  PSO based  on  the  p roposed  hardw are  des ign  i s  implemen ted  in to  
Al t e ra  C yc lone  I I  ( FPGA)  as  an  ex ample .  The  ch ip  cos t  i nc ludes  1 ,229  logi c  
e l emen t s  (Ga te  Count :  14 ,748)  and  834,016  b i t s  memor y (Gate  Coun t :  
3 ,336,064) ,  wh ich  i s  r easonab le  fo r  8  d imens ion  ex tend ing .  The  ca l cu la t ion  
fo r  one  par t i c l e  can  be  comple t ed  wi th in  77 .0ns .  The  p r oposed  hardware  can  
be  emplo yed  to  so lve  complex  non l inear  p rob lems wi th  rea l - t i me 
requ i remen t s  due  to  i t s  h igh  accur acy and  p rocess ing  speed .  Th is  ha rdwar e  
des ign  i s  a  genera l  pu rposed  hardware  implemen ta t ion  o f  mul t i -d imens ion  
PSO and su i t ab l e  fo r  pa r t i cu l a r  non l inear  app l i ca t ions  wi th  d i ffe ren t  
d imens ion .  
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Chapte r  4  [ Implemen ta t ion  o f  t he  Mu l t i -d imens ion  PSO fo r  Adap t ive  F IR  
F i l t e r  Deve lopment ]  The  conven t iona l  adap t ive  f i l t e r  approaches  a r e  t oo  
complex  to  b e  implemen ted  in  ha rdware  and  the  ca l cu la t ion  speed  i s  no t  
s a t i s fac to r y.  The  con t ro l  o f  f i l t e r  coe ff i c i en t s  i s  a  c l as s i ca l  mul t i -pa ramete r s  
i s sue  and  the  PSO d imens ion  number  can  be  f l ex ib l y ad jus t ed  accord in g  to  
t he  o rder  o f  f i l t e r.  Thus ,  t he  gene ra l  pu rp osed  hardwar e  implemen ta t ion  o f  
mul t i -d imens ion  PSO presen ted  in  Chapte r  3  i s  emplo yed  to  des ign  an  
adap t ive  F IR  f i l t e r  a s  an  ex ample  o f  complex  non l inear  app l i ca t ion  in  th i s  
chap te r,  a iming  to  ach ieve  a  h i gh  up da t ing  speed  o f  f i l t e r  coe ff i c i en t .  Th e 
adap t ive  f i l t e r  bas ed  on  8 -d imens ion  PSO as  an  ex ample  in  Chap te r  3  i s  
implemen ted  in  FPGA .  By s l i gh t l y add ing  f i t nes s  ca l cu la t ion  (1 .8% of  t he  
en t i r e  s ys t em) ,  t he  ha rdware  a rch i t ec tu re  can  p rov ide  a  much  fas t e r  upda te  
speed  than  so f twar e  and  conven t iona l  appro ach .  The  coeff i c i en t  upda te  ra t e  
o f  t he  p roposed  des ign  reaches  92 .5  KHz (11µs ) ,  which  i s  abou t  4 ,625 t imes  
fas t e r  t han  l e as t  mean  squares  ( LMS)  a lgo r i thm implemen ted  b y so f tw are  and  
27 .2  t imes  fas t e r  t han  recu rs ive  l eas t  squares  (R LS )  a l go r i thm  implemen ted  
b y d ed ica t ed  hardw are .  The  mean  square  dev ia t ion  be tween  hardware  r esu l t s  
and  MAT LA B sof tware  resu l t s  i s  5 .4×10
- 5
.  Th i s  adap t ive  f i l t e r  p r esen t s  
super io r  pe r fo rmance  fo r  r ea l - t ime  requ i remen t .  The  above  resu l t s  p rove  tha t  
t he  p roposed  resea rch  can  p rov id e  a  h igh  coeff i c i en t  upda t ing  speed  t o  
con t ro l  t he  f i l t e r  p e r fo rmance .  Th i s  success fu l  app l i ca t ion  ver i f i e s  t ha t  t he  
p roposed  mul t i -d imens ion  PSO hard ware  can  e ff ec t ive l y work  fo r  adap t ive  
s igna l  p rocess ing  a s  a  complex  non l inear  app l i ca t ion .  
Chapte r  5  [ Co nc lus ion]  In  t h i s  chap te r,  t he  conc lus ion  i s  desc r ibed  and  the  
fu tu re  work  i s  d rawn  fo r  t he  resea rch .  
Th is  r esea rch  concen t ra t es  on  the  PSO hardwar e  implemen ta t ion  wi th  h igh  
per fo rmance  and  i t s  app l i ca t ion  fo r  adap t ive  s igna l  p rocess ing .  The  f i r s t  
subjec t  p resen ted  a  nove l  ha rdware  i mplemen ta t ion  o f  PSO wi th  h igh  speed  
and  s t ab i l i t y  fo r  r ea l - t ime con t ro l  s ys t em b y us in g  p ipe l ine  t echno log y an d  
s ynchronous  modu le  con t ro l .  In  secon d  subjec t ,  a  genera l  pu rpose  ha rdware  
a rch i t ec tu re  o f  mul t i -d imens ion  PSO wi th  f l ex ib l e  sca l ab i l i t y a re  p roposed  as  
a  fundamenta l  p l a t fo rm.  In  t he  th i rd  subjec t ,  an  adap t ive  F IR  f i l t e r  d es ign  
based  on  the  p roposed  hardware  p l a t fo rm i s  i n t roduced  as  t he  pa r t i cu l a r  
app l i ca t ion  and  p ioneer  des ign .  These  p roposa l s  a re  f avorab le  con t r ibu t ions  
fo r  LS I  implemen ta t ion  o f  PSO and  i t s  app l i ca t ion  fo r  adap t ive  s igna l  
p rocess ing  a r ea  and  mobi l e  s ys t em.  
